INTRODUCTION
ICESat completed 18 observational campaigns during its lifetime from 2003 to 2009. Data from all of the 18 campaign periods are used in this study. Most of the operational periods were between 34 and 38 days long. Because of laser failure and orbit transition from 8-day to 91-day orbit, there were four periods lasting 57, 16, 23, and 12 days [1] . IceBridge data from 2009, 2010, and 2011 are used in this study. Since 2009, there are 19 Airborne Topographic Mapper (ATM) campaigns [2] , [3] and eight Land, Vegetation, and Ice Sensor (LVIS) campaigns [4] over the Antarctic sea ice. Freeboard heights are derived from ICESat, ATM and LVIS elevation and waveform data. With nominal densities of snow, water, and sea ice, combined with snow depth data from AMSR-E/AMSR2 passive microwave observation [5] over the southern ocean, sea-ice thickness is derived from the freeboard. 
METHODS
The details of the method used in this paper to derive sea-ice freeboard from ICESat and ATM elevation profiles are described in Zwally et al. [1] , Yi et al. [6] , and Yi et al. [7] . As a brief summary, the technique of deriving freeboards uses segments of open water and thin ice detected by the laser altimeter to determine the height of the along-track sea surface, which is then used as the reference sea level for the freeboard heights of the snow-covered sea ice. Surface elevation H is the surface height (h e ) with geoid (h geoid ), tides (h tides ), dynamic atmospheric correction (h dac ), and instrument related correction (h ic ) that related to ICESat and ATM removed.
H = h e -h tides -h geoid -h dac -h ic .
(1) Freeboard height, F, at a given point is defined as, F =H -h s .
(2) h s is the detected reference sea level. According to Archimedes buoyancy principle, sea ice thickness T I is, 
For ATM, elevation and waveform related parameters are used to determine open water or thin ice to calculate reference sea level. The waveforms of ATM were fitted with a Gaussian curve, g(t), with four parameters: signal baseline (e g ), pulse amplitude (A g ), peak location (t g ), and 1-sigma pulse width (PW=σ g ). The Gaussian function with four parameters is expressed as: g(t) = e g + A g exp[-0.5 (t-t g ) 2 /σ g 2 ] (4) Skewness (SK), kurtosis (KU), pulse area, and centroid location for each waveform were also calculated. An empirical parameter-limit filter is used to identify leads. Distributions of elevation (H), the apparent reflectivity (R), received waveform pulse width (PW R ), skewness (SK R ), and kurtosis (KU R ) are calculated for a filter window of 20 km. This filter window is moving along track in 2 km steps. Surface points that satisfy the conditions of: H ≤ H M -2σ H , R ≤ R M -2σ R , PW R ≤ PW RM -2σ PWR , SK R ≥ SK RM + 2σ SKR , and KU R ≥ KU RM + 2σ KUR , in a filter window are identified as leads. The mean of a parameter X for a filter window is denoted as X M . σ X is the one standard deviation of X values in a filter window.
ICESat data product GLA05 and GLA06 (https://nsidc.org/data/gla05 and https://nsidc.org/data/gla06) and ATM elevation product (https://nsidc.org/data/ilatm1b) located at NSIDC and ATM waveform data are used in this study. The AMSR-E sea ice concentration and snow depth data are also from NSIDC.
RESULTS
We calculated Antarctic sea-ice freeboard and thickness for ICESat and ATM campaigns. A Gridded ATM freeboard map of nine IceBridge campaigns in October 2009, 2010, and 2011 is shown in Figure 1 . 
